Abstract. Polymer matrix composites, particularly carbon fiber reinforced polymers (CFRPs) are widely used in various high technology industries, including aerospace, automotive and wind energy. Normally, when CFRPs are cured to near net shape, finishing operations such as trimming, milling or drilling are used to remove excess materials. The quality of these finishing operations is highly crucial at the level of final assembly. The present research aims to study the effect of cutting tool wear on the resulting quality for the trimming process of high performance CFRP laminates, in the aerospace field. In terms of quality parameters, the study focuses on surface roughness and material integrity (uncut fibers, fiber pull-out, delamination or thermal damage of the matrix), which could jeopardize the mechanical performance of the components. In this study, a 3/8 inch diameter CVD diamond coated carbide tool with six straight flutes was used to trim 24-ply carbon fiber laminates. Cutting speeds ranging from 200 m/min to 400 m/min and feed rates ranging from 1524 mm/min to 4064 mm/min were used in the experiments. The results obtained using a scanning electron microscope (SEM) showed increasing defect rates with increased tool wear. The worst surface integrity, including matrix cracking, fiber pull-out and empty holes, was also observed for plies oriented at -45 degrees. For the surface finish, it was observed that for the studied cutting length ranges, an increase in tool wear resulted in a decrease in surface roughness. Regarding tool wear, a lower rate was observed at lower feed rates and higher cutting speeds, while a higher tool wear rate was observed at intermediate values of our feed rate and cutting speed ranges.
Introduction
The use of CFRPs has greatly risen dramatically in high technology industries because it offers many advantages, including high fatigue strength, high specific strength, high specific modulus, corrosion resistance, as well as lighter weight, which provides energy savings. The machining of CFRPs is different from that of conventional metals and their alloys. Due to the heterogeneous nature of CFRPs, their machining is associated with different kinds of damages, including matrix cracking or thermal damage, fiber fracture, fiber pull-out and delamination [1] . Generally, relatively little research has been carried out on the machining of CFRP, as compared to metals and their alloys. Koplev [2, 3] was one of the first researchers who studied CFRP orthogonal cutting. He found that chip formation was strongly affected by fiber orientation, and occurred during a series of successive ruptures. He also concluded that surface quality and the delamination factor were strongly influenced by cutting forces and the tool geometry. Ramulu et al. [4] observed that an increase in the cutting speed led to a better surface finish during edge trimming and drilling processes. Arola et al. [5] studied the effect of the tool geometry and fiber orientation on the cutting forces and surface roughness during the edge trimming process. They concluded that chip formation firstly depends on the fiber orientation, and secondly, is affected by tool geometry and cutting conditions. Palanikumar et al. [6] studied the effect of feed rate on surface finish during the machining of glass fiber reinforced plastic composite. They showed that chatter increased with an increase in the feed rate. Further, it led to a higher tool flank wear and worse surface finish. Wang et al. [7] found that the cutting force was a main factor affecting surface roughness, and observed that when these forces increase up to 250 N, an increase in roughness values was seen, and that when the forces increase above 250 N, roughness values would decrease for the milling of CFRP. Chatelain et al. [8] found that the fiber angle is an important parameter affecting the roughness profile. They also showed that each ply orientation has its own "typical" profile, regardless of machining conditions. In addition, they showed that the cutting speed effect was not as significant as the feed rate effect on surface roughness, but that a higher cutting speed leads to better surface finishes in most cases.
Few studies discuss the effect of machining conditions on tool wear during the machining of high performance aerospace composite laminates. This paper focuses mainly on this influence as well as on the effect of tool wear on laminate integrity and surface roughness following the trimming operation of quasi-isotropic CFRP laminates used in aerospace.
Methodology
The workpiece material used in our experiments was an autoclave-cured 24-ply CFRP laminate produced using pre-impregnated technology, with a fiber volume fraction of 64% and a stacking sequence [(90˚,-45˚,45˚,0˚,45˚,-45˚,45˚,-45˚,0˚,-45˚,45˚,90˚)] s. This resulted in a laminate thickness of 4.44 mm. The end mill router was a CVD diamond coated carbide tool with six straight flutes. The specifications of the cutting tool are shown in Table I . The experiments were carried out with the cutting parameters, as specified in Table II . The parameters were selected according to Bérubé [9] , who proposed the best operational conditions for similar tool and composite materials.
In order to properly relate the quality of the trimmed laminates as a function of the length of cut expressed in linear meters, two setups were used, one to generate tool wear of several meters and transform the laminate in "chips and dust", and the other to trim test coupons dedicated to full inspection and related to the length of wearing cut achieved at each step of an iterative process. Thus, each experiment contained short cuts 100 mm in length and long cuts 900 mm in length. All experiments for each new tool started with a short cut and then a long cut, with repetitions performed until an end of tool life criterion was reached. The test coupons trimmed with the short cuts setup were 32 mm wide and 100 mm long, and were analyzed in terms of the cutting forces, the surface finish and material/surface integrity. Before each short cut, the cutting tool was removed in order to measure the tool wear with an optical microscope, type Keyence VHC-600+500F. The tool life criterion was a maximum flank wear of 0.3 mm. The CNC machine used for the experiments was a 3-axis high speed center HURON K2X10 with a maximum spindle speed of 28000 RPM at 30 kW. The machine was equipped with a dust extraction system. A total of ten clamps were used to secure the panels for long cuts and seven clamps for short cuts. The fixtures were attached to a 3-axis dynamometer table (type Kistler 9255B), as shown in Fig. 1 . Surface integrity was verified using a scanning electron microscope (type Hitachi S-3600N) and C-scan for a few coupons. Surface roughness was measured using a profilometer (type Mitutoyo SURFPAK SJ-400). 
Results and Discussions
Cutting Force and Tool Wear. One important factor affecting the quality of machining is the tool condition. In all three tests, the cutting forces and tool wear both increased with an increase in the cutting length, as shown in Fig. 2a and 2b . A longer tool life was observed at lower feed rates and higher cutting speeds, while a shorter tool life was obtained with intermediate feed rate and cutting speed values. Surface Integrity. Due to the low thermal conductivity of the epoxy resin matrix, the heat is retained in the cutting zone. This could cause the softening, degradation and burning of the matrix material due to the low glass transition temperature of the resin [10] . In this study, based on the results obtained, cutting forces increase with an increase in tool wear. High cutting forces could increase the cutting temperature, which consequently could cause poor surface integrity, including the softening and burning of the matrix material. The thermally affected matrix may help flexible fibers to escape from the cutting edge and adhere to the trimmed surface. As a result, this may explain how some sort of "spreading and sticking" of the material could improve the surface finish in these cases. For example, for Test 3, when tool wear was 0.30 mm (after 14.1 m of cutting length), the cutting force was 756 N, compared to 234 N for the new tool. It could be assumed that the high cutting forces could cause the softening and burning of the resin, which led to the fibers being spread over different A B
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Manufacturing Engineering and Process II machined plies. The fibers were also broken at locations beneath the machined surface. The first short cut (test coupon 1) using a new tool resulted in the production of empty grooves as a result of fiber pull-out in -45˚ plies, as shown in Fig. 3a , but at the end of the tool life (test coupon 15), poor surface integrity, including matrix cracking, fiber pull-out and empty holes, were seen in -45˚ plies, as shown in Fig. 3b . In Fig. 4 , three specimens are compared together, with all three produced after 14.1 m of cutting length, using different cutting conditions (Tests 1-3) . The first specimen was trimmed using a tool with a maximum flank wear of 0.08 mm (cutting force was 152 N); the second was trimmed using a tool with a maximum flank wear of 0.23 mm (cutting force was 691 N), and the third was trimmed using a tool with a maximum flank wear of 0.30 mm (cutting force was 757 N). As shown in Fig. 4 , a burning of the matrix was observed on the trimmed surface of the second and third specimens (Fig.  4b, 4c) , and they had the worst surface integrities, compared to the first one (Fig. 4a) , which had the best. Based on these results, it could be assumed that the surface integrity decreases with an increase in cutting force (increase in tool wear). Surface Roughness. Surface roughness was measured, and the parameters Ra, Rt and Rv were considered for the study. All results were obtained from the -45˚ plies for the up-milling side of the coupons, using a longitudinal method over a distance of 14 mm, as specified in [8] . Fig. 5 shows that roughness decreases with an increase in cutting length (increase in tool wear). This result likely contradicts those obtained from the SEM micrographs used to evaluate material surface integrity.
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This fact, confirmed through exhaustive measurements, indicates that the roughness parameter itself may not be a suitable indicator for evaluating the cutting surface quality for composites. It could lead to a false good quality cut surface interpretation, while the mechanical properties of the material for the trimmed area may decrease due to thermal damage of the matrix and the breaking of the carbon fibers beneath the trimmed surface, as shown in Fig. 3b . This is a hypothesis that may explain this result. 
Conclusions
One of the important factors affecting machining quality is the tool condition. This paper focuses mainly on the effect of tool wear on laminate integrity and surface roughness following the trimming operation of quasi-isotropic CFRP laminates used in aerospace. It also focuses on the effect of machining parameters on tool wear during the machining of high performance aerospace composite laminates. A 3/8 inch diameter CVD diamond coated carbide tool with six straight flutes was used to trim 24-ply carbon fiber laminates. The surface integrity was verified using a scanning electron microscope and the surface roughness was measured across the laminate for different fiber orientations. Several conclusions can be pointed out:
It was found that a worn tool led to high cutting forces and lower quality in terms of surface integrity. Poor surface intergrity, including matrix cracking, fiber pull-out and empty holes were seen, particularly for the -45˚ plies. The relation between tool wear and surface roughness was demonstrated. An increase in wear improved the surface finish, with lower values of Ra, Rt and Rv parameters. This may be due to matrix burning, which initiates material spreading and the breaking of the carbon fibers beneath the surface. Thus, we may conclude that surface roughness, taken by itself, without other quality parameters, is not a suitable indicator for evaluating cutting surface quality. Regarding the effect of cutting parameters on tool wear, it was found that a lower tool wear was measured at lower feed rates and higher cutting speeds, while a higher tool wear was measured at intermediate feed rate and cutting speed values.
